Introduction
Phagocytosis is an ancient, evolutionarily conserved mechanism which in multicellular organisms is involved in tissue remodeling, the clearance of apoptotic cells and the elimination of microorganisms from the body [1] . In Drosophila melanogaster, phagocytosis is performed by specialized blood cells, the professional phagocytes known as plasmatocytes. The initial step of phagocytosis is the recognition of microbes or altered self-structures on the target particle. In D. melanogaster, a broad range of molecules have been reported to take part in this function, including the epidermal growth factor-like NIM repeatcontaining receptors, such as Eater, Draper and NimC1 [2] [3] [4] . We have previously shown that the NimC1 receptor, a member of the Nimrod protein family, is involved in the phagocytosis of bacteria [2] and proposed that the Nimrod gene cluster is a functional module in innate immunity [5] . Members of the Nimrod gene cluster are located in close proximity to each other in the Drosophila genome and a number of them are up-regulated in response to an immune challenge, suggesting their co-regulation in the course of the innate immune response [5, 6] . Nimrod proteins contain a signal peptide, 1-16 characteristic EGF-like domains, called NIM domains, which have a well-conserved consensus sequence [2] , and a short conserved CCxGY motif, immediately preceding the first NIM domain. On the basis of their domain structure, NIM domain-containing proteins can be classified into three categories. The single NIM domain containing transmembrane protein NimA [2] , the 1-8 NIM domain containing NimB-type proteins (NimB1, NimB2, NimB3, NimB4 or NimB5) which lack transmembrane domains, and the NimC-type (NimC1, NimC2, NimC3 or NimC4) transmembrane proteins with 2-16 NIM domains [2] . Although the eater and draper genes are not located in the Nimrod gene cluster, the encoded proteins exhibit the characteristic NIM domain structure. Eater and Draper receptors have been demonstrated to bind bacteria [7] [8] [9] . NimC1 has been reported to be involved in the phagocytosis of bacteria [2] , however no biochemical assays were performed to prove the interaction of NimC1 or other Nimrod proteins with bacterial cells. In order to study the bacterium-binding properties of Nimrod proteins we have now developed an immunofluorescence and flow cytometry-based analysis with which to investigate the bacterium binding of native NimC1 and the recombinant NimA, NimB1, NimB2 and NimC1 proteins.
Generation and expression of recombinant proteins
Inserts encoding the Nimrod proteins were amplified from reverse-transcribed total RNA from third instar Oregon-R larvae (nimA) or from cDNA plasmids: LP05465 (nimC1), GH07762 (nimB1), HL01444 (nimB2), RE50156 (atilla) and IP15264 (draper), which were obtained from the Drosophila Genomics Resource Center (Table 1 shows the designed primers).
The PCR products were digested with SalI and XbaI restriction endonucleases and then cloned into the pB-FLAG vector, a derivative of pBII-KS+. The insert coding the FLAG epitope and the recognition site of restriction endonucleases XbaI and NotI was synthetized by using two oligos, 5 ' -C A AT C TA G A G AT TA C A A A G A C G A C G A C G ACAAATAGTAAGCGGCCGCAAC-3' and its reverse complement. The fragment obtained was cloned into a pBluescriptII-KS+ vector between the XbaI and NotI sites, yielding pB-FLAG. Inserts were verified by sequencing with T3 and T7 primers.
Inserts from the pB-FLAG vector were cloned into the SalI and NotI sites of the pFastBacDual vector (Invitrogen) and were recombined into the bacmid vector according to the manufacturer's instructions. The integration of the inserts was verified by PCR, using the pUC/M13 primer pair. The bacmid DNA was isolated using the Plasmid Midi Kit (Quiagen). For the transfection of Sf9 cells, the Cellfectin II (Invitrogen) reagent was used, according to the manufacturer's instructions.
The FLAG-tagged recombinant proteins were expressed in a baculovirus expression system (Bac-toBac, Invitrogen). Sub-confluent (50-70% confluency) Sf9 cells grown in TNM-FH Insect Medium (Invitrogen) supplemented with 10% fetal calf serum (Gibco) and 5 mM glutamine (PAN Biotech) were infected with baculoviri in OrDish 150-mm-ϴ tissue culture plates (Orange Scientific) and incubated for 72 h at 25ºC. The infected cells were lysed in 1.6 ml of lysis buffer containing 150 mM NaCl, 40 mM TRIS pH 7.5, 10% glycerol, 0.1% NP40, 5 mM EDTA, 1 mM phenylmethanesulfonyl fluoride (PMSF) and Complete Protease Inhibitor Cocktail (PIC, Roche) according to the manufacturer's instructions. After sonication on ice for 3x1 min and freezing-thawing three times in liquid nitrogen, the extract was centrifuged at 18000xg for 10 min at 4ºC. From this cell lysate, 800 μl was used for a bacterium-binding experiment. 
Preparation of hemocyte lysate
Hemocytes were isolated from third instar homozygous l(3)mbn-1 larvae as described previously [13] , since the highly elevated number of blood cells was a necessary prerequisite for a feasible experimental design. The hemocyte lysate was prepared from 5x10 6 hemocytes, using 400 μl of lysis buffer containing 50 mM TRIS pH 7.0, 150 mM NaCl, 0.5% Nonidet P-40, 0.2% sodium deoxycholate, 1 mM PMSF and PIC by sonication on ice for 3x1 min, and freezing-thawing three times in liquid nitrogen. Debris was eliminated by centrifugation at 18000xg for 10 min at 4ºC.
Bacterium-binding assay
The binding of proteins to bacteria was measured by flow cytometry [7, 8] . To enable the identification of bacterial cells, heat-inactivated bacteria were labeled with fluorescein isothiocyanate (FITC, Sigma). Bacterial culture (10 ml, OD 600 =1.5) was heat-inactivated in PBS and the cell pellet was resuspended in 10 ml of 0.25 M carbonate-bicarbonate buffer pH 9.0 by adding 0.5 mg of FITC dissolved in 100 μl of DMSO (Sigma), rotated overnight at 4ºC and washed eight times with PBS. The FITC-labeled bacteria were resuspended in either 400 μl of hemocyte lysate or in 800 μl of Sf9 cell lysate, rotated overnight at 4ºC, centrifuged at 11200xg for 4 min at 4ºC and washed three times with PBS.
The FITC-labeled bacteria were incubated overnight, unless indicated otherwise. Proteins bound to bacteria were detected by flow cytometry (FACS) after indirect immunofluorescent staining, using a mixture of NimC1-specific P1a and P1b antibodies [14] for 2 h and Alexa Fluor 633 goat-anti-mouse IgG (Invitrogen) at a dilution of 1:600 for 45 min. A mixture of L1a and L1b antibodies specific to Atilla, a protein expressed by non-phagocytic lamellocytes was used [14, 15] as an isotype control. To detect FLAG-tagged recombinant proteins, monoclonal mouse anti-FLAG M2 (Sigma, 1:1000 dilution, 2 h) and Alexa Fluor 633 goat-anti-mouse IgG (Invitrogen, 1:600 dilution, 45 min) were used.
In FACS analyses, the FITC-labeled bacteria were gated according to their FITC fluorescence in the FL1 green (530/30 nm) channel, and the Alexa Fluor 633 fluorescence of the gated population was analyzed in the FL4 far-red (661/16 nm) channel with a FACS Calibur flow cytometer (Becton Dickinson).
Competition of NimC1 bacterium binding
The E. coli extract was prepared from the pellet of 6 ml of bacterial culture (OD 600 =1.3) in 250 μl of lysis buffer, according to the hemocyte lysis procedure.
In the competitive binding assays, ultrapure lipopolysaccharide (LPS) (InvivoGen) in a final concentration of 200 μg/ml, and peptidoglycan (PG) (InvivoGen) in a final concentration of 153 μg/ml and 250 μl of E. coli extract were added to the hemocyte lysate as competitors, the mixture was rotated for 2 h at 4ºC, and the bacterium-binding assay was then performed.
Western blot analysis
Western blot analysis was carried out as described previously [2] . Sf9 cell lysates containing recombinant proteins were run under reducing conditions on a 10% SDS-PAGE, transferred to a PVDF membrane, treated with monoclonal mouse anti-FLAG M2 antibody (Sigma) at a dilution of 1:1000, and with anti-mouse HRPO antibody (GE Healthcare) at a dilution of 1:5000, and visualized by ECL Plus (GE Healthcare).
Statistical analysis and software
The bacterial binding capacity of the investigated proteins was determined by calculating the relative mean fluorescence intensity (RMFI) of the samples, 
Results

Native NimC1 binds bacteria
We performed a bacterium binding assay to determine whether native NimC1 binds bacteria. Heat inactivated, FITC-labeled bacteria were incubated in hemocyte lysate originated from homozygous l(3)mbn-1 larvae and their FL4 far-red fluorescence was measured by flow cytometry after incubation with a mixture of NimC1-specific P1a and P1b antibodies and Alexa Fluor 633 goat-anti-mouse antibody. The nonspecific protein binding to bacteria was estimated with the IgG1 isotype control antibodies L1a and L1b [2, 14] , which recognize the Atilla protein, expressed by the non-phagocytic Drosophila lamellocytes ( Figure 1A ,B,C,D, blue). Our studies indicated that according to its significant difference in the MFI value compared to the control, native NimC1 binds FITC-labeled, heat inactivated E. coli ( Figure 1A) . However, based on the same criteria, native NimC1 does not bind S. epidermidis ( Figure 1B) . At the same time, we checked on the background staining of the FITC-labeled bacteria by incubating them with hemocyte lysate originating from the NimC1 protein non-expressing Hml-Gal4.Δ, UAS-2XEGFP; l(3) mbn-1 larvae ( Figure 1C ) and with the lysis buffer alone ( Figure 1D ). According to our results, similarly to the Eater receptor [8] , NimC1 does not undergo significant binding to live bacteria (data not shown).
To analyze the kinetics of the native NimC1 binding, we incubated FITC-labeled bacteria with hemocyte lysate for 30, 60, 120 min and overnight at 4ºC, and found that MFI values increase over time ( Supplementary  Figure 1) , therefore overnight incubation can be considered as saturation.
By using this bacterial binding assay, we screened the binding of native NimC1 to various bacteria and detected the significant binding of NimC1 to 
Neither LPS nor PG serves as a ligand for the NimC1 molecule
We tested whether bacterial components compete with the FITC-labeled bacteria for the NimC1 binding. We pre-incubated hemocyte lysate with the E. coli extract and detected significantly lower NimC1 binding to FITC-E. coli (Figure 2A , green) than without preincubation (Figure 2A, red) , suggesting that some component of the E. coli extract competes with E. coli cells for the NimC1 binding (see data in Supplementary  Table 3 ).
To identify potential ligands of the NimC1 receptor, we carried out competition binding assays to investigate the major bacterial cell wall components LPS and PG. Pre-incubation of the hemocyte lysate with ultrapure Figure 2B ) or PG ( Figure 2C ) did not reduce the binding of NimC1 to E. coli, showing that neither LPS nor PG competes with E. coli cells for NimC1 binding. As an independent approach we tested the binding of NimC1 to the WaaC E. coli mutant ( Figure 2D ) (which harbors a gene disruption cassette, containing a kanamycin resistance gene in its WaaC gene, and therefore produces a truncated LPS molecule with the lipid A glycosylated by 3-deoxy-D-manno-oct-2-ulosonic acid, but does not contain any of the other sugar molecules present in the outer chain of the wild-type LPS [17] [18] [19] ). We found that NimC1 binds WaaC E. coli to the same extent as the LacY E. coli mutant (Figure 2D ), which harbors the same gene disruption cassette in its LacY gene, and hence produces wild-type LPS. These results indicate that the outer chain of LPS does not serve as a ligand for the NimC1 receptor.
LPS (
Nimrod proteins selectively bind bacteria
To study the bacterium-binding properties of further Nimrod proteins, we expressed the extracellular regions of the NimC1, NimA, NimB1 and NimB2 proteins tagged at their C terminus with a FLAG epitope tag in the Bac-to-Bac baculovirus expression system ( Figure 3A) . We also expressed Draper-FLAG as positive and Atilla-FLAG [15] as a negative control ( Figure 3A) . Western blot analysis revealed that the molecular masses of the recombinant proteins ( Figure 3B ) corresponded to the calculated molecular masses, although oligomerization products were also present in the recombinant NimA sample [20] .
We investigated the binding of FLAG-tagged NimA, NimB1, NimB2, NimC1, Draper and Atilla recombinant proteins from the Sf9 cell lysates to E. coli or S. epidermidis, and found that all of the tested recombinant Nimrod proteins bound significantly to E. coli ( Figure 4) . As the histograms and RMFI values show (Figure 4 ), NimC1 bound to E. coli with the highest RMFI value, comparable to that for the Draper receptor used as positive control, as it was previously shown that the loss of Draper function inhibits the phagocytosis of E. coli [8, 21] . NimB1 bound E. coli with lower RMFI. NimA and NimB2 bound E. coli with the lowest RMFI, though the differences in far-red fluorescence were still significant. At the same time, we found that only NimB1 bound to S. epidermidis, the far-red fluorescence of the NimA, NimB2, NimC1 and Draper-treated samples not differing significantly from the controls (see data in Supplementary Table 4 ).
Discussion
Pathogen recognition is mediated by the direct interaction of phagocytic receptors with microbial surfaces [8] . We earlier demonstrated that the NimC1 transmembrane protein expressed by Drosophila phagocytes is involved in the phagocytosis of bacteria [2] , and we now report the first investigation of the interactions of native NimC1 with several Gram-positive and Gram-negative bacteria. Our results indicate that the native NimC1 molecule expressed by phagocytes, similarly to the Eater phagocytosis receptor [8] , does not interact with live bacteria, but binds significantly to the heat-inactivated Gram-negative E. coli, S. marcescens, X. campestris and P. aeruginosa and Gram-positive B. cereus var. mycoides. The bacterium-binding assay that we have developed was revealed by at least four independent experiments to be highly reproducible. We compared the bacterium-binding capacities of native and recombinant NimC1 in five independent experiments, by using Gram-positive and Gramnegative bacteria, and found that both native and recombinant NimC1 bind E. coli significantly, but native NimC1 does not bind to S. epidermidis at all. The RMFI values did not differ in the cases of the native and recombinant proteins in either bacterium. These results reveal that the bacterium binding capacity of native and recombinant Nimrod proteins is comparable.
Although we showed that the E. coli extract contains a component which efficiently competes for the NimC1-binding sites on bacteria, our experiments with ultrapure LPS and PG as potential competitors demonstrated that neither of them is the ligand of the NimC1 receptor. By using the truncated LPS-producing E. coli WaaC mutant, we confirmed that the outer chain of LPS cannot be the ligand of NimC1.
Phagocytosis is a complex event, and its analysis is often hampered by the redundancy and the diversity of the receptors for target molecules. By inference from the number of annotated Nimrod proteins encoded in the fruit fly genome, these proteins probably possess at least partially overlapping functions, and elimination of one of them might well be complemented by structural homologs. We therefore investigated their functions in a bacterium binding assay where both the transmembrane and the soluble Nimrod family proteins can be studied individually and the specificities of their bacteriumbinding can be compared. We produced the recombinant NimC1, NimA, NimB1 and NimB2 proteins and studied their bacterium binding by using a Gram-negative E. coli or a Gram-positive S. epidermidis. Our studies showed that all the Nimrod proteins tested, i.e., NimC1, NimA, NimB1 and NimB2, bind E. coli significantly and their structural differences and the numbers of their NIM domains are not critical in their bacterial binding.
NimC1 and NimA possess a hydrophobic transmembrane region and potential Ser, Thr and Tyr phosphorylation sites in the cytoplasmic region, as forecast by a prediction program [22] . Moreover, NimC1 has been formally shown to be associated with the cell membrane [2] . Nimrod B-type proteins differ from NimA-type and NimC-type proteins in that they lack the transmembrane domain and are most likely to be secreted in the hemolymph. This suggests that the membrane-bound proteins may act as scavenger receptors on the surface of phagocytic cells [8, 23] and they may possibly be involved in signalization in the course of phagocytosis, while NimB-type proteins may be involved in the opsonization of microbes in the hemolymph. In these bacterium-binding assays, we used hemocyte and Sf9 cell lysates as the source of Nimrod proteins and therefore could not elucidate whether they interact with bacteria directly or act as a subunit of a larger macromolecular complex. This question may be answered after isolation of the individual recombinant Nimrod proteins and testing of their bacterium-binding capacities.
The present study demonstrates that NimA, NimB and NimC proteins bind bacteria significantly but differently. This finding supports the idea and confirms the observations that the Nimrod family proteins, including Eater and Draper as well, are actively involved in the initial steps of phagocytosis through the membraneanchoring of microbes. We anticipate that further studies of the Nimrod proteins will promote an understanding of the complex mechanisms of phagocytosis.
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